ABSTRACT There is a great demand for safe and effective alternative fumigants to replace methyl bromide and other toxic fumigants for postharvest pest control. Nitric oxide, a common signal molecule in biological systems, was found to be effective and safe to control insects under ultralow oxygen conditions. Four insect species including western ßower thrips, Frankliniella occidentalis (Pergande) (Thysanoptera: Thripidae); aphid, Nasonovia ribisnigri (Mosley) (Homoptera: Aphididae); confused ßour beetle, Tribolium confusum Jacquelin du Val (Coleoptera: Tenebrionidae); and rice weevil, Sitophilus oryzae (L.) (Coleoptera: Curculionidae), at various life stages were fumigated with 0.1Ð2.0% nitric oxide under ultralow oxygen levels of Յ50 ppm in 1.9-liter glass jars at 2Ð25ЊC depending on insect species. Fumigations were effective against all four insect species. EfÞcacy of nitric oxide fumigation increased with nitric oxide concentration, treatment time, and temperature. There were also considerable variations among insect species as well as life stages in susceptibility to nitric oxide fumigation. Complete control of thrips was achieved in 2 and 8 h with 2.0 and 0.2% nitric oxide, respectively, at 2ЊC. At the same temperature, complete control of the aphid was achieved in 3, 9, and 12 h with 1.0, 0.5, and 0.2% nitric oxide, respectively. Larvae, pupae, and adults of confused ßour beetle were effectively controlled in 24 h with 0.5% nitric oxide at 20ЊC. Complete mortality of confused ßour beetle eggs was achieved in 24 h with 2.0% nitric oxide at 10ЊC. Rice weevil adults and eggs were effectively controlled with 1.0% nitric oxide in 24 and 48 h, respectively, at 25ЊC. These results indicate that nitric oxide has potential as a fumigant for postharvest pest control.
Nitric oxide is a naturally produced small molecule in almost all types of organisms including bacteria, fungi, plants, and animals, and functions as a ubiquitous signal molecule to modulate a wide range of biological and physiological processes (Culotta and Koshland 1992 , Beckman and Koppenol 1996 , Lamattina et al. 2003 , Moncada and Higgs 2006 . In insects, nitric oxide signaling plays roles in diverse physiological processes including reproduction, locomotion, olfaction, learning and memory, and host defense mechanisms (Mü ller 1997 , Davies 2000 .
Nitric oxide is also produced naturally during the electrical discharges of lightning in thunderstorms. It is a by-product of combustion of fossil fuel from automobiles and power plants. Nitric oxide is also produced on a massive scale as an intermediate in the syntheses of nitric acid from ammonia. Nitric oxide has very low water solubility, but reacts with oxygen and water to form nitrous acid (HNO 2 ). Nitric oxide also reacts rapidly with oxygen in air to form nitrogen dioxide (NO 2 ).
The intense research on nitric oxide has led to identiÞcations of its various practical applications, such as its use to treat respiratory and cardio vascular illnesses and others (Roberts et al. 1993 , Rossaint et al. 1993 , Ricciardolo et al. 2004 . In agriculture, however, nitric oxide was found Ͼ100 yr ago to preserve red pigments of cured meat by reacting with hemoglobin to form NO-hemoglobin, the red color of cured meat (Haldane 1901 , Hoagland 1914 , Urbain and Jensen 1940 . More recently, nitric oxide fumigation was found to extend postharvest life of various fruits and vegetables under low oxygen conditions (Wills et al. 2000 (Wills et al. , 2007 Soegiarto et al. 2003; Soegiarto and Wills 2004; Manjunatha et al. 2012; Saadatian et al. 2012 ) and alleviate chilling injury in cold-stored mango (Zaharah and Singh 2011). Nitric oxide fumigation was also found to inhibit surface browning of cut slices of apple and lettuce (Pristijono et al. 2006 , Wills et al. 2008 . The beneÞts of nitric oxide fumigation on postharvest quality of fresh products are likely largely because of the inhibitory effects of nitric oxide on ethylene biosynthesis (Manjunatha et al. 2010 (Manjunatha et al. , 2012 . In addition, nitric oxide fumigation was also found to enhance antioxidant activity of treated fresh mushroom and therefore enhance its nutritional values (Dong et al. 2012 ).
There is no study suggesting insecticidal activity of nitric oxide. Fumigation of rose grain aphid [Metopolophium dirhodum (Walker)] on cereals with nitric oxide to simulate effects of pollutants yielded no signiÞcant effect on aphid growth (Jackson 1995). However, as nitric oxide readily reacts with oxygen, it is not clear how much exposure of insects to nitric oxide occurred in the fumigation with nitric oxide in air in the study. Nitric oxide was found to suppress cardiac activities in stick insects, and the effects correlate positively with nitric oxide concentration (da Silva 2012). At cellular level, there is ample evidence of nitric oxide being biocidal. Nitric oxide kills bacteria (Shank et al. 1962 , Brunelli et al. 1995 , and causes apoptotic cell death (Culotta and Koshland 1992 , Brü ne 2003 , Waxman 2003 , Blaise et al. 2005 .
The lack of research on nitric oxide as an insecticide is likely because of the instability of nitric oxide under normal atmospheric conditions. The instability not only thwarts research efforts to determine effects of nitric oxide on insects but is also an obstacle for practical use of nitric oxide fumigation. The objective of this study was to determine efÞcacy of nitric oxide fumigations under ultralow oxygen (ULO) conditions against insects at various life stages. The potential of nitric oxide as a green fumigant for postharvest pest control was also discussed.
Materials and Methods
Chemicals. Nitric oxide (Ͼ99.5% purity) in a compressed cylinder was obtained from a commercial source. It was then released and stored in a foil bag to be used in fumigations tests. Commercial grade nitrogen gas in compressed cylinders from a commercial source was used.
Insects. Four insect species were tested in this study, and they were western ßower thrips, Frankliniella occidentalis (Pergande) (Thysanoptera: Thripidae), an aphid on lettuce, Nasonovia ribisnigri (Mosley) (Homoptera: Aphididae), confused ßour beetle, Tribolium confusum Jacquelin du Val (Coleoptera: Tenebrionidae), and rice weevil, Sitophilus oryzae (L.) (Coleoptera: Curculionidae). Thrips were reared on lettuce plants on benches in a greenhouse at 18 Ð 30ЊC under natural lighting. The aphid N. ribisnigri was reared on caged lettuce plants in a greenhouse at 10 Ð25ЊC under natural lighting. Confused ßour beetle was reared on a commercial ßour diet with ßour and yeast (JoshÕs Frogs LLC, Owosso, MI) in glass jars and plastic cups. Rice weevil culture was generously provided by Insects Limited, Inc. (WestÞeld, IN) and maintained on pearled barley in glass jars. Both confused ßour beetle and rice weevil cultures were maintained in an environmental chamber at 22ЊC, 50 Ð70% relative humidity (RH), and a photoperiod of 14:10 (L:D) h.
Nitric Oxide Fumigation Tests. All fumigations were conducted in 1.9-liter glass mason jars. The lids for the jars were modiÞed to have two outlets with valves on each lid. After sealing vials with insects in the jars, nitrogen was released into jars through a ßow meter at Ϸ1.0 liter/min to ßush out oxygen and establish ULO levels of Յ50 ppm. An oxygen analyzer (Series 800, IL Instruments, Inc., Johnsburg, IL) was used to monitor oxygen levels in the jars. Nitric oxide was then taken from a preloaded foil bag with an airtight syringe and injected into appropriate jars under a fume hood to establish calculated concentrations based on volume. The syringe and connecting tubing were ßushed with nitrogen before injection of nitric oxide to avoid oxidation of nitric oxide. The jars were then kept at certain temperatures in temperature chambers for the durations of fumigation treatments. Fumigation treatments were terminated by venting the jars under a fume hood.
Both western ßower thrips and the aphid N. ribisnigri were fumigated at 2ЊC in consistence with low temperature storage conditions of fresh commodities that are hosts of the pests. Thrips were collected in small 49-ml plastic vials (3 cm in diameter by 7 cm in height) using a vacuum-powered aspirator (Ϸ20 per vial) and sealed in fumigation jars (two to four vials per jar). They were fumigated with nitric oxide at 0.1, 0.2, and 0.3% for 8 h and also fumigated with 2.0% NO for 1 and 2 h. Thrips were also kept under ULO and in the normal atmosphere as controls. Each treatment was replicated three times. After fumigation, thrips were held at 2ЊC overnight and then kept at room temperature for Ͼ3 h before being evaluated for mortality under a microscope. Thrips that were motionless and did not respond to probes with a soft brush and moribund thrips that could just move appendages but could not walk were all classiÞed as dead.
Lettuce leaves laden with N. ribisnigri were conÞned in the larger 167-ml plastic vials (5 cm in diameter by 8.5 cm in height) and covered with screened lids and were then sealed in the glass jars for fumigation tests (two vials per jar). Aphids were subjected to fumigations with 0.1 and 0.2% NO for 12 h, with 0.3 and 0.5% NO for 9 h, and with 1.0 and 2.0% NO for 3 h. Controls both under the normal oxygen level and the ULO were used. Each treatment was replicated three times. After fumigation, aphids were also kept at 2ЊC overnight before being evaluated for mortality using the procedures stated above.
For confused ßour beetles, one fumigation experiment with large larvae, pupae, and adults was conducted, and a second fumigation experiment was conducted with eggs and small larvae. For the Þrst fumigation experiment, infested ßour from the beetle culture was mixed after scooping out adults at the surface and weighed out a 15 g sample in each larger vial. About 50 adults were then added into each vial. All vials were covered with screened lids and sealed in the jars for fumigation (three vials per jar). They were fumigated with 0.5% NO for 8, 12, and 24 h at 20ЊC. Each treatment was replicated three times. After fumigation, the vials were kept at 20ЊC in an environmental chamber overnight before being evaluated for mortality. The ßour in each vial was sieved through a metal mesh sieve (1.2 mm) to screen out large larvae, pupae, and adults. They were then examined for mortality. Larvae, pupae, and adults that did not show any movement in response to gentle probes with a brush were scored as dead. Moribund adults that could not move were also classiÞed as dead.
In the second experiment with eggs and small larvae, ßour culture was sieved to remove large larvae, pupae, and adults. The ßour with only eggs and small larvae was weighed out to the 167-ml plastic vials (30 g per vial). The vials were covered with screened lids, sealed in glass jars (two vials per jar), and fumigated with 2.0% NO under Յ50 ppm O 2 for 8, 12, and 24 h at 10ЊC. Each treatment was replicated three times. After fumigation, the vials were kept at 22ЊC in an environmental chamber to allow survivors to develop to adults. Once adults started to emerge, the ßour from each vial was checked to remove and count all adults once a week for 13 wk when adult emergence fell to or close to zero.
For rice weevil, adults were collected and placed in the larger vials with pearled barley (Ϸ50 per vial), and the vials were covered with screened lids and sealed in the jars for fumigation. They were fumigated with 0.5% NO for 24 h at 20 and 25ЊC and with 1.0% NO for 24 h at 25ЊC (three vials per jar), and each treatment was replicated three to four times. Mortalities of weevils were scored 1 d after fumigation. In the second experiment, adult weevils were reared on pearled barley to lay eggs for 2 wk, and the infested barley containing mostly eggs and likely a few young larvae after removing adults was placed in the larger vials (15 g per vial) and fumigated with 0.5 and 1.0% NO for 48 h at 25ЊC in jars (three vials per jar), and each treatment was replicated three times. After fumigation, the vials from all treatments were incubated at 22ЊC, and emerged adults were removed and counted weekly for 11 wk when adult emergence declined to or near zero.
Data Analyses. Mortalities for each life stage per species were transformed by arcsine √x before being subjected to one-way analysis of variance (ANOVA) and Tukey honestly signiÞcant difference (HSD) multiple range test to compare mortalities among treatments. For eggs and small larvae, relative mortalities were calculated based on the assumption that treatments would have the same numbers of adults emerged as in the controls under the normal oxygen level if treatments had no effects. The relative mortality rate for each treatment was calculated as (1 Ϫ adults from treatment/adults from control at normal oxygen level) ϫ 100. The relative mortalities for eggs and small larvae were also transformed and analyzed in the same way as stated above. Fit model platform of JMP 10 statistical discovery software was used for all statistical analyses (SAS Institute 2012).
Results
Nitric oxide fumigations were effective against all tested life stages of the four insect species. However, there were considerable differences in susceptibility to nitric oxide among different insects and therefore the treatments differed in nitric oxide concentration, treatment time, and temperature among the insects (Table 1 ). In the low temperature fumigations at 2ЊC, all fumigation treatments were effective against thrips (F ϭ 323.46; df ϭ 6, 71; P Ͻ 0.0001) and the aphid (F ϭ 319.23; df ϭ 8, 60; P Ͻ 0.0001). Complete control of western ßower thrips was achieved in 8 h at Ն0.2% NO and 2 h at 2.0% NO, and complete control of N. ribisnigri was achieved in 12 h at 0.2% NO, 9 h at 0.5% NO, and 3 h at 1.0% NO. There were no signiÞcant differences among the nitric oxide treatments, as mortalities were at or close to 100% or between the two controls for each insect species (Table 1) .
Nitric oxide fumigation caused signiÞcant mortalities of confused ßour beetle larvae (F ϭ 85.70; df ϭ 4, 34; P Ͻ 0.0001), pupae (F ϭ 75.24; df ϭ 4, 34; P Ͻ 0.0001), and adults (F ϭ 39.19; df ϭ 4, 34; P Ͻ 0.0001; Table 1 ). Complete control of large larvae, pupae, and adults was achieved in a 24-h fumigation with 0.5% NO at 20ЊC. There were signiÞcant differences in mortalities of larvae and pupae among the three treatment durations, and longer treatment time resulted in signiÞcantly higher mortalities. Larvae also had signiÞ-cantly higher mortality in the control under ULO than in the control under the normal oxygen. The mortality of pupae in the control under ULO, however, was not signiÞcantly higher than the mortality in the control with the normal atmosphere. Confused ßour beetle adults had 100% mortality in all nitric oxide treatments and also had signiÞcantly higher mortality in the control under ULO than in the control with normal atmosphere (Table 1) .
Flour beetle eggs and small larvae were also susceptible to nitric oxide fumigations (F ϭ 515.06; df ϭ 4, 25; P Ͻ 0.0001) and were successfully controlled with 2.0% NO fumigation in 24 h at 10ЊC. The shorter treatments of 8 and 12 h resulted in mortalities of 77.0 and 83.6%, respectively, and there were signiÞcant differences among the three treatment times. Flour beetle eggs and larvae also had signiÞcantly higher mortality in the control under ULO than in the control with the normal atmosphere ( Table 1) . As the infested ßour contained eggs and small larvae, survivors of small larvae were expected to emerge as adults earlier than surviving eggs. The patterns of adult emergence over time from infested ßour showed that most adult emergence for fumigation treatments occurred in the second half of the 13 wk posttreatment observation period, indicating they were from surviving eggs. Adult emergence in the ULO control also showed a considerable reduction in the earlier part of the 13-wk period as compared with the control in the normal atmosphere, indicating that the increased mortalities of the mix of eggs and small larvae in the ULO control was mainly because of mortalities of small larvae not eggs (Fig. 1) .
Nitric oxide fumigation was effective against rice weevil. There were signiÞcant differences among the treatments in rice weevil adult mortality, indicating both signiÞcant temperature and concentration effects (F ϭ 263.26; df ϭ 4, 43; P Ͻ 0.0001). An increase of temperature from 20 to 25ЊC resulted in a signiÞcant increase in rice weevil adult mortality from 77.6 to 93.0% for the 24-h fumigation with 0.5% NO. A further increase of nitric oxide concentration to 1.0% in the December 2013 LIU: NITRIC OXIDE AS A GREEN FUMIGANT FOR POSTHARVEST PEST CONTROL24-h fumigation at 25ЊC resulted in complete control of adult rice weevils. Rice weevil adult mortality in the control under ULO was also signiÞcantly higher than in the control with the normal atmosphere. Nitric oxide was also effective against rice weevil eggs (F ϭ 699.86; df ϭ 3, 32; P Ͻ 0.0001). Complete control of eggs, however, took 48 h with 1.0% NO fumigation at the same temperature. The control under ULO had a 5.2% relative mortality rate, but it was signiÞcantly higher than the mortality in the control with the normal atmosphere (Table 1) .
Discussion
Nitric oxide has been the subject of intense research interests since its discovery as a signal molecule in biological systems, and a multitude of biological functions have been found (Culotta and Koshland 1992, Beckman and Koppenol 1996) . It is also found to have a wide range of application from medicine to agriculture. However, it is not known to be insecticidal. In this study, nitric oxide fumigations under ULO conditions were discovered to be effective against all tested insect species at various life stages. The discovery has signiÞcance to both pest control and nitric oxide research. Nitric oxide is potentially a green solution to postharvest pest control, and its discovery as a fumigant marks a signiÞcant departure and breakthrough from current research on its biological functions and applications.
The four insect species used in this study represent a diverse range of insects and major pests of different commodities. Therefore, it can be concluded that nitric oxide fumigation likely has a broad target spectrum and a good potential to control various pests. However, there were considerable differences among different insect species in susceptibility to nitric oxide fumigation. Thrips and the aphid were more susceptible to nitric oxide fumigation than confused ßour beetle and rice weevil. EfÞcacy of nitric oxide also increased with increased temperature as indicated by the signiÞcantly higher mortality of rice weevil adults at 25ЊC than at 20ЊC.
The efÞcacy of nitric oxide fumigation in longer treatments might also be partially contributed by the lack of oxygen as indicated by the signiÞcantly higher mortalities of confused ßour beetle larvae and adults and of rice weevil adults in the ULO controls than in the controls in the normal atmosphere. When nitric oxide was added, it was expected that nitric oxide would react with oxygen to further reduce or eliminate oxygen in the fumigation jars. However, given the signiÞcant concentration effects of nitric oxide and complete control of both the thrips and the aphid in Յ3 h, nitric oxide was the primary factor for insect mortality.
The mortality data from confused ßour beetle and rice weevil also indicated that eggs were less susceptible to nitric oxide fumigation than other life stages. The emergence of confused ßour beetles from fumigated ßour with a mix of eggs and small larvae mainly in the second half of the 13 wk posttreatment observation period suggested that most survivors were eggs and small larvae were killed. For rice weevil, it took 48-h treatment to control eggs as compared with 24 h to control adults with the same nitric oxide level at the same temperature. However, complete control of eggs of both confused ßour beetle and rice weevil indicate that nitric oxide fumigation is effective against all life stages of the insects.
Given that nitric oxide reacts with oxygen rapidly (Ashmore et al. 1962 , Soegiarto et al. 2003 , ULO levels in nitric oxide fumigations may reduce nitric oxide levels during fumigation and thereby may negatively affect efÞcacy of nitric oxide. Based on the equation 2NO ϩ O 2 ϭ 2NO 2 , one oxygen molecule combines with two nitric oxide molecules to produce two nitrogen dioxide molecules. Therefore, it is preferred that the ULO levels should be much lower as compared with nitric oxide concentrations to maintain certain nitric oxide concentrations for effective pest control.
Nitric oxide fumigation can likely be used to control pests on fresh and stored products. It controlled both western ßour thrips and N. ribisnigri at a low storage temperature of 2ЊC for many fresh products. In a preliminary study, fumigations of fresh fruits and vegetables with 2.0% nitric oxide at 2ЊC for 3 h did not cause injury at 14 d after treatment if fumigation was terminated by ßushing the fumigation chamber with nitrogen gas to reduce nitric oxide level Þrst before venting the chamber with air (Y. L., unpublished data), indicating nitric oxide fumigation can be used on fresh commodities. Previous studies also show that nitric oxide fumigation can also extend shelf-life of fresh commodities, as nitric oxide acts as an antagonist of ethylene (Wills et al. 2000 , Soegiarto and Wills 2004 , Manjunatha et al. 2010 . Therefore, nitric oxide fumigation for postharvest pest control will unlikely cause injury to treated fresh products and may have additional beneÞts in preserving postharvest quality of treated fresh commodities.
As methyl bromide is being phased out globally because of its ozone-depleting property, its exempted use for quarantine and preshipment fumigation may not be sustainable in the future. In addition, methyl bromide fumigation causes injuries to many fresh commodities including lettuce and could not solve pest quarantine problems on many internationally traded fresh products. For methyl bromide fumigation, fresh products need to be warmed up to a signiÞcantly higher level than their normal storage temperatures for fumigation. This process not only takes extra time but may also affect product quality negatively. Nitric oxide fumigation, however, can be conducted at a low storage temperature and kill insect quickly without negative impact on product quality and therefore can be a better alternative to methyl bromide.
The phase out of global methyl bromide production has also elevated phosphine to be the dominant fumigant accounting for Ͼ80% fumigations for stored product insect control worldwide. Low temperature fumigation with pure phosphine gas has also been used recently for postharvest pest control on fresh commodities. Phosphine fumigation is characterized by long treatment time. Treatments can last over 10 d to control some tolerant insects (Hole et al. 1976 ). In comparison, nitric oxide fumigations use higher doses and have much shorter treatment time. For example, phosphine fumigation takes 3 d at Ͼ2,000 ppm to control N. ribisnigri at 2ЊC (Liu 2012) . Nitric oxide fumigation at 2% level killed N. ribisnigri in 3 h at 2ЊC, and complete control was also demonstrated in 9-h treatment in 0.5% nitric oxide fumigation. Western ßower thrips was controlled in 2 and 8 h with 2.0 and 0.2% nitric oxide, respectively, at 2ЊC. Phosphine fumigation, however, takes at least 18 h to control western thrips at the same low temperature of 2ЊC (Liu 2008) . It is likely that nitric oxide fumigation will also result in signiÞcant reductions in treatment times as compared with phosphine fumigation for controlling most other pests. In addition, nitric oxide fumigation does not have inherent operation safety concerns as compared with phosphine fumigation, which impose substantial risks of Þre and toxic exposure.
In comparison with methyl bromide and phosphine, nitric oxide fumigation has advantages in its environmental friendly nature (Table 2 ). Both methyl bromide and phosphine are toxic and have concerns on operation safety and residue. Phosphine-fumigated stored products often have detectable residue for a long time after fumigation (Bruce et al. 1962 , Robinson and Bond 1970 , Al-Omar and Al-Bassomy 1984 , Rangaswamy 1985 , Scudamore and Goodship 1986 . Exposures even intermittently to low levels of phosphine (0.08 Ð 0.3 ppm) have been associated with mild headaches (NIOHS 1999, Brautbar and Howard 2002) . As nitric oxide is used to treat certain medical conditions and to enhance postharvest quality of fresh commodities, nitric oxide fumigation likely has no negative effects on food safety and human health as compared with other chemical fumigants, and is also likely compatible with organic products.
However, nitric oxide fumigation has disadvantages of complexity and added costs associated with establishing ULO environment ( Table 2 ). The procedure of nitric oxide fumigation is more complex as compared with fumigations with other chemical fumigants. It includes purging fumigation chambers with nitrogen gas to reduce oxygen level to a very low level before releasing nitric oxide in the fumigation chambers. For sensitive fresh commodities, fumigation chambers may also need to be purged with nitrogen gas at the end of fumigation to reduce nitric oxide levels in the chambers sufÞciently to avoid exposure of fumigated products to nitrogen dioxide during the termination of nitric oxide fumigation. The use of large quantities of nitrogen gas is the major disadvantage of nitric oxide fumigation. However, its advantages in shorter treatment as compared with phosphine fumigation and safety to human health will likely clearly overweigh its added fumigation costs on nitrogen gas consumption as well as monitoring equipment for low oxygen levels in most cases. The cost of nitrogen gas depends on its sources. For dedicated fumigation facilities, nitrogen generators may be used to supply nitrogen gas at a low cost. Alternatively, liquid nitrogen can be used instead of compressed cylinders to reduce cost on nitrogen consumption. However, the requirement for ULO environment will likely restrict its application to sealable structures and make it difÞcult to fumigate many storage facilities that do not have tight seals to achieve and maintain desired ULO conditions.
The discovery of nitric oxide as a potent green fumigation represents a signiÞcant advance in pest control technology as well as in nitric oxide applications. Nitric oxide fumigation has the efÞcacy higher than phosphine and comparable with methyl bromide, and yet is safer to human health and quality of fresh products. Given the strong demand for safer and effective treatments, a lack of favorable alternatives to methyl bromide, and heightened awareness on food 
